Binding energies and wave functions of inner-shell electronic states in superheavy quasimolecules with (2, + Z,)a > 1 are calculated. Ionization during a collision of very heavy ions is investigated withiii a moleiular basis generated by the solutions of the two-center Dirac equation. Transitions to vacant bound states as weil as direct excitation to the continuum are taken into account. We present theoretical values for the ionization probability as a function of impact parameter, bombarding energy, and combined nuclear charge. Our computed results are compared with recent experimental data. It is suggested that relativistic binding energies of electrons in superheavy quasimolecules can ,be determined experimentally via the impactParameter dependence of ionization and the anisotropy of quasimolecular radiation.
I. INTRODUCTION The motivation for our investigations i s to lay the grounds for a possible spectroscopy of strongly bound electronic s t a t e s in superheavy quasimolecules. In such systems inner-shell electrons move quasi adiabatically in the Coulomb field of two scattering charge centers, where the twocenter distance R(t) changes a s function of collision time t. Also, i n the collision of very heavy ions, such transient s y s t e m s can be formed in which even the radius of the quasimolecular K shell is much l a r g e r than the separation R of the scattering nuclei. In these superheavy qz~asiatoms the energy and wave function of electrons a r e determined by the united Coulomb field of both nuclei. In collisions of U on U a quasiatom i s c r eated f o r R « 500 fm. At a lab velocity of V", = 0 . 1 C , the corresponding electrons move f o r a time of T = 10-20 s e c in an external field with Z = Z, + 2, = 184, where Zp and Z , denote the projectile charge and target charge, respectively. Such superheavy atoms could be investigated experimentally if i t would be possible t o synthesize stable nuclei in the region Z = 114 o r Z = 164, a s predicted theoretically . However , a l l corresponding experimental attempts remained unsuccessful up to now. ' Also, in nature no superheavy elements could b e detected. Therefore the only possibility to study the behavior of electrons in strong electric fields of about E = 10'' V/cm i s the f o r m ation of quasimolecules and quasiatoms i n collisions of very heavy ions.
In heavy -ion collisions we can extend the t r aditional domain of atomic physics (concerning the charge number) by almost a factor of 2 from the region of known eletnents (Z G 107) up to 2 = 190 in a collision of a U projectile on a Cf target.
In the following we consider the binding e n e rgies of electrons in superheavy atoms. F o r F e rmium ( Z = 100) the binding energy of the strongest bound electron amounts t o E"= -141 keV with a n agreement between theory and experiment of about 1 0 eV. 2 8 3 in the corresponding calculations one has to take into account the finite size of the nucleus, the electron-electron interaction treated within the H a r t r e e -r~c k formalism, and quantum electrodynamical qrrections like vacuum polarization, self-energy, and magnetio effects. When those calculations a r e extended to the superheavy r e g i~n ,~-' the 1s binding energy i n c r e a s e s d r a stically a s function of nuclear charge. At 2 = 150 it reaches the value of the electronic r e s t m a s s ; for Z = 173 the binding i s twice a s large. F o r still higher central charges the 1s state dives into the negative energy continuum of the Dirac equation and becomes a resonance imbedded i n this continuum. 1°-12 The corresponding critical charge f o r the 2 p l I , state is about 2 = 185. These extremely strong binding energies, which a r e comparable to the electronic r e s t m a s s m,c2, necessitate a relativistic treatment of the investigated problem. instead of the Schrödinger equation w e have to use i t s relativistic counterpart, the D i r a c equation, for the evaluation of electronic states.
Besides the stronger binding, the relativistic effects manifest themselves in a dramatic "finestructure', splitting A E = ~( 2 p " , ) -~( 2 p " , ) , which again is of the o r d e r of rn,c2. We conclude that concerning the binding energies superheavy atoms would help to extend the energy range of traditional atomic physics by a n o r d e r of magni-
-
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Furthermore, the quantum electrodynamical corrections in superheavy quasimolecules can no longer be evaluated in the usual perturbation expansion in ZLY, because the electromagnetie coupling constant becomes larger than one, (2, + Z,)a > 1. Calculations of vacuum polarizat i~n '~~'~ and self -energy15 in all orders of Zcu, however, have shown that these effects amount only to about 1% of the total binding energy even for Z -170, and therefore can be neglected at present. In order to account for the electronelectron interaction, numerous caleulations have been performed within the framework of the Hartree -Fock formalism. 7 1 8 + By this the identification of eventual stable superheavy elements should be facilitated. In the following dynamical calculations, however, we will use a basis in which the electron-electron ~n t e r a c t i o n '~ i s not prediagonalized. Transitions between inner electronic states induced by this interaction a r e negligible, because the relaxation time of electrons against the adjustment of the orbitals due to electron-electron interaction i s large compared with the collision time of the investigated scattering systems. 24 Thus self -consistent calculations a r e clearly not called for; they may even not be an improvement. Also the diagonal matrix elements of the electron-electron interaction remain unconsidered in our calculations, because we have to deal with a system of undetermined degree of ionization. The diagonal part of the electronelectron interaction results in a shift of the boundstate energies without modification of the wave functions. The shifts amount to about 10% for the l s o state and will slightly enhance the ionization probabilities. Its precise magnitude can only be determined when more complete Information on the electronic configuration during the collision i s available.
In the following we will propose various poss i b i l i t i e~~~~~~ to experimentally determine binding energies of inner electronic states in systems up to Z = 190: (a) the impact-parameter dependence of ionization mediated by the radial and rotational coupling of the scattering nuclei with the electrons [here the asymptotic (t -+ W ) radiation (e.g., K , radiation) in the separated single atoins after the collision must be measured in coincidence with the ion scattering angle], (b) the Z dependence of ionization in central collisions, (C) the distribution of the ionized e l e c t r o n~~~~~' in the continuum final states (F electrons) with respect to energy and to the dependence on impact parameter and (d) the frequency and angular distribution of emitted quasimolecular radiation during the colli-29-35,53,54,77,78
After this introduction we will briefly describe the formalism of ionization. Then we discuss in detail the calculation of bound states within the framework of ihe two-center Dirac equation, the corresponding coupling matrix elements, and the validity of the monopole approximation, in which one considers only the spherically symmetric part of the two-center potential. We continue to present the evaluation of continuum states and the couplings to bound states. As a first example of a dynamical proccss we will give the transition probability of bound electrons to the positive continuum a s a function of distance R between the two centers during the collision, the impact parameter b, the total charge Z, + Z " and the kinetic ion energy E",. The obtained theoretical results will be compared with recent experimental data36-399"2'85 concerning ionization in superheavy quasimolecules. As a function of the Same parameters we will investigate the coupling between bound states within the coupled channel formalism.
As a next step towards a full-scale spectroscopy we present the theoretical 6 -electron distribution.
As an example of the influence of rotational coupling we consider the 2p,,,o i o n i z a t i~n~~~~l in the Pb-Pb system. Before we finally draw our conclusions we will briefly discuss the background contribution to ionization and quasimolecular r adiation caused by nuclear Coulomb excitation. 42
BASIC FOkMALISM FOR INNER-SHELL IONIZATION IN COLLISION OF VERY HEAVY IONS
The dynamical processes, such a s ionization, occurring during quasimolecular collisions a r e described by the time-dependent Dirac equation
F o r practical purposes, the wave function i s expanded in a complete set of basis ~t a t e s '~:
Since binding energies and wave functions change strongly a s a function of the two-center distance R, the proper choice in collisions at nonrelativistic energies is the molecular basis, given by the solutions 4, of the stationary two-center Dirac e q u a t i~n~~! 44:
-
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The two-center wave functions 6, depend on time parametrically. We assume the nuclear motion to follow a Coulomb trajectory, given by a Rutherford hyperbola, thereby neglecting possible effects of nuclear f~r c e s ,~~ electron ~h i e l d i n g ,~~,~' and vacuum polarization. 4 8 9 4 9 We briefly summarize the Rutherford hyperbola parametrization: (4) with E", i s the center-of-mass energy of the ions and Mred the reduced mass of the system:
The distance of closest approach R between both ions during the collision and the instantaneous radial ion velocity R on a given trajectory with impact parameter b a r e determined by Upon substitution of the ansatz (2) into Eq. (11, one i s left with an infinite system of coupled channel equationsZ5* 50773: Note that the summation over i includes the continuum states. In our subsequent calculations we split the a/at operator into two parts, the radial and the rotational coupling:
Here 3 i s the angular velocity of the internuclear axis and i s the electron angular momentum operator. The two Operators exhibit different angular momentum selection rules: the radial coupling acts between states with the Same angular momentum projection p along the axis, connecting both nuclei (G axis), whereas the rotational term couples states with p differing by 11. The full Set of coupled first-order differential equations (9) is equivalent to the time-dependent Dirac equation.
However, in practical calculations of transitions between bound states one has to restrict to a finite subset of {@,I. Furthermore, excitations to the continuum states have been treated only in firstorder time-dependent perturbation theory, i.e., taking a,(l) = 1.
In this approximation the complex amplitude beComes in the single-electron approximation, the energy E , of the continuum electron states does not depend on time.
The total Cross section for direct ionization i s obtained by an integration over all impact parameters and all final states:
The statistical factor 2 ji + 1 accounts for the occupation number of the initial state. Note that the number of created vacancies per collision P(b) i s normalized to P",= 2 ji + 1 and therefore is not a probability in the strict sense. Before presenting results on inner-shell ionization we shall, in the next sections, discuss the calculation of the r e lativistic two center bound-state and continuum wave functions and the corresponding coupling matrix elements.
BOUND STATE SOLUTIONS OF THE TWOCENTER DIRAC EQUATION (TCDE)
In this section we find solutions of the stationary Dirac equation for a two-center potential. We Start with the representation of the Dirac equation in spherical coordinates:
The spin-orbit operator is defined through the relation
It is known that the two-center Dirac equation is more difficult to handle than its nonrelativistic counterpart, since it i s not separable in any orthogonal coordinate system. The moat accurate and flexible approach i s based on a multipole ex- The sum in Eq. (19) has been truncated at a sufficiently large angular momentum jmal. The r emaining 2(2j",+ 1) coupled differential equations can be solved by a five -point Adams integration code. 57 The energy eigenvalues a r e determined by iteration, which is stopped when the change of the energy value is less than 10-14. in this case the accuracy of the two-center wave function is better than 3 X 103. The adiabatic correlation diagram for the U-U system has been published e 1 s e w h e 1 -e .~~~~~
As an example of a relativistic correlation diagram we show in Fig. 1 the binding energies of several bound states in the Pb-Pb system. In order to point out the different dependence of energy eigenvalues on two-center distance R, we have chosen various representations of the adiabatic Pb+Pb correlation diagram. In Fig. l(a) we plot on a double logarithmic scale the 21 lowest U (solid lines) and n (dashed lines) states between R = 15 fm and R = 3000 fm. The relativistic splittings between the states 2p,l,u -21>,1,0 of 316.6 keV, 3p31,0 -3p ,l,a of 59.5 keV, and 4 p 3 1 ,~ -4p,,,u of 21 keV at R = 15 fm a r e striking. In consequence of these strong splittings there a r e avoided crossings between the 3pllzu and 2p,l,a state at 18 fm and the 4pll,u and 3p31,u state at 15.5fm. At R-2700fm we alsofoundapseudocrossing between the 4d,l,u and the 3so state. The energy levels in rectangles I and I1 between 300 and 1000 fm a r e presented separately on a linear scale in Figs. l(c) and l(d). The sudden energy change of the strongest bound states near the distance of closest approach is most impressive if energies as a function of two-center distance R a r e drawn on a linear scale [ Fig.  l(b) ]. In the region 15 fm S R s 100 fm we found the following energy changes: 330 keV for the l s u state, 208 keV for the 2p,,,o state, and 91 keV for the 2so state. In Fig. l(c) we note especially the avoided crossings between the 4sa and the 4d3,,u states at 400 fm and between the 4so and the 4d512u states at 625 fm. The interaction of the energy levels between the 4so and the 4d3/,u states i s much larger than that between the 4so and the 4d5/,u states. We found AE =0.35 keV for the avoided crossing at R = 400 fm and equivalently AE = 0.03 keV a t R = 625 fm. The energy difference a t the pseudo crossing between the 4d3/,a and 4 d , 1 2~ states at R-1100 fm i s about 1 keV. Furthermore, we remark that the 4pSl2a state shows an energy minimum at R = 425 fm.
The behavior of electron states in Fig. l(d) i s equivalent to that discussed in Fig. l(c) . We found an avoided crossing between the 3sll,o and the 3d,/,o states at R = 425 fm, with a minimum energy difference of A E = 0.75 keV. A second avoided crossing appears at R = 640 fm with A E = 0.05 keV. A pseudocrossing results between both 3da states at R -1100 fm with A E = 2.6 keV. The absolutevalue of radial matrix elements between bound states are presented in Figs. 2 and 3 for the Pb-Pb system and in Table I for the U-U system. The radial matrix elements (nfsula/a~lniso) have the approx~mately Same slope and size if the difference between the mainquantum numbers n, -ni i s the Same, e.g., lso-2so, 2so-3so, 3so-4so o r l s o -3so, 2so -4so. The couplings to the I s o state and those to the 2sa state a r e shown separately (Figs. 2 and 3) . The most noteworthy feature of the radial matrix elements is, however, the steep increase of their magnitude even a t very small R. 2 5 * 5 0 In comparison a nonrelativistic a/aR matrix element scaled to the U-U system shows a decrease a t small distances R. 58 The difference is due to the fact that for Z , + Z2 z 137 the nso and npll, o wave functions a r e extremely sensitive to changes in R, especially for small separations. This i s related to the lack of a "runway" in the correlation diagram. We find that the matrix elements between the w o and the (n + k)so states scale a s l/(k + 1)' to a good approximation.
Figures 4 and 5 present the a/aR matrix elements between the low-lying odd parity states of the U-U and Pb-Pb quasimolecules. The sharp discontinuities in Fig. 4 occurring atR-50fm a r e due to the avoided crossing between the 2p,,,o and 3pl120 levels a t this separation. This influences the adiabatic states strongly, but will have only little effect in a collision (diabatic ' states). In comparison the results obtained in the monopole approximation [only I = 0 in Eqs. (22) and (23)] show a smooth behavior, thus contributing a convenient basis of diabatic molecular states. Since it i s known that the discontinuities due to avoided crossings in full adiabatic twocenter calculations may often be neglected in the evaluation of dynamical processes, the monopole approximation provides an excellent starting basis f o r numerical calculations, being even Superior to the full two-center basis at small internuclear distances due to the general diabetic character of the states.
Next we shall discuss the influence of the translation f a c t o r~~~~l on the transition strength between bound states. In order to obtain constant occupation amplitudes a,(t) for t -in dynamical calculations, it is necessary that the coupling matrix elements vanish asymptotically. The a/aR matrix elements evaluated according to (24) exhibit con-TABLE I. Relativistic two-center calculations of B /~R matrix elements between nsu states in the U-U system as a function of the internuclear Separation R . 4 . Absolute value of a/a R matrix elements between low-lying states of the U+ U quasimolecule. The sharp discontinuities at R -50 fm are due to the avoided crossing between the 2 P 3 / 2~ and 3pilZu levels at this Separation.
stant tails which give rise to unphysical oscillations in the amplitudes at large Separations. This behavior i s known to be due to the failure of the stationary molecular states to be asymptotic solutions of the scattering equation with two atoms moving apart with velocity 7. if the velocity 7 i s of constant magnitude and parallel to the z axis, then we have to multiply each separated atoms wave function by a"trans1ation" factor exp(*iim,?.if) depending in sign on which side the wave function i s centered. Note that the translation factor i s only correct for large two-center distances R, where the straight-line trajectory i s a good approximation and the electron is localized on one nucleus. To describe symmetric systems, one has first to form combinations of an even and the corresponding odd parity molecular state to describe a single separated atoms wave function and then again to take the (anti-or) symmetric combination of the boosted states: FIG. 5 . Absolute value of a/a R matrix elements between low-lying states of the U+ U quasimolecule.
For U-U collisions a t v / c -0.1 we find that the sin/cos factors oscillate once through 2n in 50000 fm, making only a small effect on the lso level which is localized within less than 1000 fm. It i s therefore reasonable to include the translation factors only up to first order in the projectile velocity V . The matrix elements of the so-corrected wave functions (25) a r e in the dipole approximationsO: In the truly molecular region (R s 1000 fm) the use of the full velocity 7 in the translation phase factor does not seem to be justified since the electron belongs to neither nucleus. Various authors5' Figures 6 and 7 show the rotational-coupling maparity 3d3/,u and 3d,/,u is negligible for small R trix elements (J,) for the U-U system. The sharp we have included only nsu bound states for caldiscontinuities at several points a r e due to the culations of the l s a vacancy production in a symavoided crossing between states with the Same metric collision system. parity and magnetic quantum number /J.. The spin-orbit interaction causes a splitting of the 2p3,,0 and the 2p3/2a states. in the correlation diagram Fig. 1 we See that the corresponding energy difference is small. It was shown that the relativistic states 2p3/,u, 2p3,,a, 2pl120, and the nonrelativistic states 2pu, 2p71 a r e related by an angular momentum ( j -1 -s ) recoupling scheme:
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The 2fi3/,u state becomes a 2pa-like state for large separations. That i s the reason why the two matrix elements join with increasing R (see Fig. 6 ).
To obtain a comparison between the radial and rotational coupling we have drawn in Fig. 8 some a/aR and J,/R matrix elements in the Same units. Note that the actual rotational matrix element i s less than the drawn curve, because
V. THE MONOPOLE APPROXIMATION
In the calculation of direct excitation into the upper continuum (E > m,c2) we apply the monopole approximation, where only the term with 1 = 0 in the multipole expansion of the two-center potential is taken into account. In this appraximation a charged spherical shell of radius Rn= SR simulates the Coulomb potential of two nuclei separated by distance R.
We solve the Dirac equation with the monopole potential taking into acconnt the finite size of both nuclei, whereby binding energies and transition strengths a r e reduced compared with point-nuclei results. Assuming nonoverlapping homogeneously charged spheres with radius RN" the a/aR matrix elements between initial state ai and final state 4, become 
Relativistic correlation diagram for the U + Cf system calculated in the monopole approximation .
The binding energies in the total united atom limit with Z = 190 a r e also indicated. At the critical separation R,= 44 fm the lsa state dives into the negative energy C ontinuum.
pling matrix elements, which is much stronger, will be discussed later. Systematic comparisons have shown that the electronic binding energy of nsu states in super-,heavy quasimolecules is reproduced correctly up to 5% accuracy by the monopole potential compared with exact two-center calculations, if the distance between the ions is not too large ( R < 1000 fm). A detailed discussion of the validity of the monopole approximation has been published elsewhere. 60 AS an example we evaluated radial matrix elements between nso bound states in the monopole approximation, and compared these data with the exact two-center calculations. We found good agreement within 2% for the U-U and Pb-Pb system in the range of 20 fmG RG 400 fm. The accuracy of the monopole approximation for XePb and similarly for the symmetric system E r -E r i s better than 6% up to R -1000 fm. The difference in the radial coupling matrix elements (2.7~1 a/aR I lsu) between the symmetric and asymmetric system i s only about 5% for R S 500 fm, which leads to the important conclusion that the l s u ionization rate in superheavy quasimolecules is a function of the total charge 2 = 2, + Z " but to a very good approximation independent of Z,/Z" at least for asymmetries on the range 1 3 z,/Z, 20.65. As an example for a correlation diagram calculated within the monopole approximation we show in Fig. 9 the electronic binding energies a s a function of two-center distance R for one of the heaviest Systems accessible to experimental investigation.
It is proposed to produce the superheavy e l e ctronic quasimolecule Z = 2 , + Z,= 190 i n collisions of "U a s projectile and "Cf a s target. The finite nuclear sizes of projectile and target a r e taken into account. At a critical distance of R"= 44 fm the 1s U state dives into the lower continuum (E < -m,c2). The Same happens for the 2p,/,u state at R" = 18 fm. For R < R" electronic energies a r e calculated by determination of the resonance position in the lower continuum. For R = 15 f m we find E",= -1600 keV, E", = -425 keV, E", = -145 keV, and E",,"= -1120 keV. The 2 p splitting is E,,,"
To a good approximation the l s u binding energy according to potential (30) can be scaled by60 with i = 1 for Z , C Z G Z , a n d i = 2 for Z2-'ZG20Owith Z l = 136, Z,= 168. The p a r a m i t e r s E i and yi a r e given by E , = -381 keV, E, = -930 keV, E, = -2280 keV, and y,=0.1162, y2=0.2854, y, = 0.4899. Equivalent parameters a r e also obtainedo0 for the monopole potential with respect to finite nuclear size and electron screening.
Before we discuss the qualitative behavior of coupling matrix elements between bound states and continuum states let u s briefly review the calculation of relativistic continuum wave functions in the monopole approximation.
VI. RELATIVISTIC CONTINUUM WAVE FUNCTIONS
The relativistic continuum wave functions for a spherically symmetric potential V(r) a r e given by the solutions of the radial Dirac equation6' (E= C = 1):
Positive energies (E z m,) describe electron states whereas negative energies (E < -m,) describe positron states.
We have solved the two coupled equations of first order numerically with Hamming's modified p r edictor -corrector method. 5 7 This procedure generates the wave function at arbitrary points up to a normalization constant from four initial values for G = g ' v = u , and F = f . v = u " at the origin, which must be known very accurately. We normalize the continuum wave functions to 6 functions in the energy variable: 
for n > 1 we have
F2= -(E -m,)112(~p)-112 for E > m, ,
Using the unnormalized wave functions calculated numerically up to the asymptotic region, we obtain
In Fig. 11 we show the radial density distribution F' + G2 for continuum electrons with kinetic energies of 50 keV, 300 keV. and 1 MeV for the PbPb quasimolecule separated by R= 15 fm. The S ( K = -1)-and p (~ = 1)-wave contributions a r e calculated taking into account the finite nuclear size of the Pb nuclei. By finding the resonance position of continuum wave functions in the negative energy continuum, we also can determine binding energies in overcritical fields. In Fig. 10(b) the l s u and 2pl12u binding energies a r e displayed a s a function of the total nuclear charge Z = Z, + Z2 for a two-center distance R = 15 fm. For this separation (just before both nuclei touch) the l s u binding energy is larger than 2 MeV for Z = 200.
VII. COUPLING STRENGTH BETWEEN BOUND AND CONTINUUM STATES
The overall agreement between results obtained within the monopole approximation and exact twocenter calculations in the case of bound levels makes it possible to evaluate the matrix elements For K = -k, G and F a s well a s the sign of E and to continuum states without actually computing Z must be exchanged. relativistic two-center continuum wave functions. The Dirac radial functions a r e now determined However, this restricts our considerations to uniquely up to the normalization constant a, in radial coupling. Eqs. The dashed lines denote the values obtained for the merical integration procedure at one certain point point nuclei. At R = 14 fm the finite nuclear size Y" uniquely determines a,. However, the explicit reduces D, by about 30%, and its influence decalculation of the analytical wave functions at all creases for growing R and can be neglected for points Y cannot be recommended because of large R > 50 fm. However, since the radial matrix elecomputing time and accuracy problems for large ments enter quadratically into the ionization probarguments pr.
abilities, the finite nuclear size considerably (ii) The asymptotic solutions for Yof the modifies the vacancy production rate. 42 radial equations (33) normalized to (34) a r e
The dependence of the transition strength at fixed R = 14 fm on continuum energy E can be taken In Fig. 14 D, 
is plotted f o r the initial s t a t e s l s o and 2p,,,o a s a function of the total nuclear charge
F o r 148G Z G 172 we find a linear inc r e a s e leveling off to a constant for 2 > 180. Finally we mention that f o r pointlike nuclei a n overall parametrization of the radial matrix elements is achieved by a power law (Z'= 184 -Z)25362: with and
VIII. EXCITATION T 0 THE CONTINUUM
In collisions of very heavy ions the strongly bound electrons can be excited directly to the continuum. We investigated this p r o c e s s in the framework of time-dependent perturbation theory according to Eqs. ( 1 1) and (12). 2 
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Effects of rotational coupling in general must be treated in the strong coupling limit and therefore cannot be considered i n this context. In Fig. 15 the l s o ionization probability is displayed a s a function of the two-center distance R f o r a central U + Cf collision ( b = 0 ) with R", = 15 fm. The probability is integrated over all final-state continuum energies and the influence of the finite nuclear size has been included. The critical distance at which the quasimolecular K shell dives into the negative energy continuum amounts to R"=44 fm for the UCf system.
The transition probability to the continuum reaches a first maximum on the incoming branch of the Coulomb trajectory with E I a(R = 22 fm) 1 = 0.023. Due to the stronger binding for smaller separations R and the lower ion velocity V in the range of minimum approach, this probability i s then reduced again. Near the distance of closest approach V changes strongly in magnitude a s well a s in sign. Therefore the electrons can no longer follow the nuclear motion adiabatically. In consequence the ionization rate increases drastically and reaches a maximum at R=36 fm with E 1 a(t) I $, -0.075. The average ionization probability for the diving period of the lsa level i s / a(R < R") I a, -0.05. There a r e numerous oscillations in the vacancy production rate on the outgoing Upon variation of the impact parameter we find that P(b) has a maximum for P",(b) at b -5 -10 fm for the systems U + Cf and Am + Cf65 (Fig. 16 ).
In spite of the higher Fourier frequencies available in central collision (b = O), the ionization probability i s a little bit smaller there. This i s caused by the stronger binding a t smaller Separation R -R,i, and by the reduction of the coupling strength due to the finite nuclear size. F o r b > 20 fm the vacancy production probability via radial coupling to the positive continuum decreases drastically.
In Fig. 17 we compare the direct ionization of the l s o and the 2pl120 level for the collisions PbPb, Pb-U, and U-U at E l a b = 4 . 7 MeV/u. First of all we observe that the ionization decreases with increasing total nuclear charge due to increased binding. Furthermore, the decrease of P(b) a s function of impact parameter i s much weaker for the 2pl120 state than for the stronger bound l s o state. Here, in contrast to the results shown before, projectile and target nuclei a r e assumed to be pointlike. For central collisions the 2p,,,o ionization i s about an order of magnitude larger than that of the l s o level. We stress, however, that the impact-parameter dependence of the 2p",o vacancy creation may be modified considerably by the strong rotational coupling between the substates of the quasimolecular L shel14' (see Sec. XI).
In Fig. 18 we present the impact-parameter dependence of l s u ionization for the systems Xe + U and Xe + Pb with total charge of Z = 146 and 136, respectively, at various bombarding energies. Contrary to the heavier systems like U + Cf, here the vacancy production rate for b = 0 grows with increasing Z. As a function of Z also the impactparameter dependence P(b) becomes steeper, but the falloff i s still much weaker than in systems with 2, + Z , > 160.
The main result of this paragraph i s that these results predict ionization probabilities of several percent for head-on collisions caused by the relativistic effects in the bound and continuum states. These theoretical predictions have meanwhile been verified by experiment.36-39y75*82*85
In Fig. 19 we compare our numerically calculated values for P(b) with coincidence data of the experimental atomic physics group a t GSI. 74 Collisions with Pb a s projectile on several targets a t Elab= 4.7 MeV/u a r e investigated for different impact parameters, where the l s o ionization probability was measured in coincidence with the scattered ions. Good agreement between theory and experiment i s found in the slope of the exponential falloff but in general the experimental data a r e by about a factor of 2 o r 3, which possibly can be explained by the neglect of vacant high-lying bound states in the calculation of the ionization amplitude. In Summary, the main feature of the experimental data a r e the large ionization probabilities of several percent and the strong falloff with increasing impact parameter.
In Fig. 20 the ion energy dependence of the l s o ionization i s displayed for the total charges Z = 136 and 2 = 164. Altogether the curves for 2 = 164 show a steeper dependence on E", a s those for Z = 136. Due to a relatively flat falloff of P(b), the total ionization cross section i s always larger for the lighter system independent of ion energy, despite larger vacancy -creation rates for the heavier system in central collisions a t high impact energies. At large projectile energies the energy dependence of ionization scales according to a power law. This law, however, does not Cover, and cannot be extended to, the whole range of projectile energy shown in the figure.
The most important result of our investigations i s the possiblility to utilize the impact -parameter dependence of ionization to perform a spectroscopy of the quasimolecular states during the colliFor example, the increase of the l s o ionization probability in head-on collisions up to 2 = 164 is caused by the relativistic effects in the coupling matrix elements. Beyond 164 the l s o binding energy increases rapidly a s a function of Z , s o that much higher Fourier frequencies for ionization a r e needed. These frequencies a r e scarcely available in collisions below the Coulomb barrier. In consequence the number of created vacancies per collision decreases again for Z > 164. A measurement of this behavior would be the first experimental confirmation of the strong binding of the 1s o electron for 2 > 170 and the diving into the negative energy continuum, a s theoretically predicted. 4*10-12767
The possibility to perform a spectroscopy beComes more transparent in an analytical model of l s o ionization. 62 According to this model with Z' = 184 -Z and V , is the incident ion velocity.
R""(b) denotes the minimum two-center distance on a given Coulomb trajectory and E," the kinetic ion energy in the center of mass frame. According to formula (49) the impact-parameter dependence of ionization essentially shows an exponential behavior. The main feature of formula (49) i s the one-to-one correspondence between the binding energy E,(R",) of the l s a level a t the distance of closest approach and the impact-paramet e r dependence of the ionization probability P(b), which can be measured experimentally. For the calculation of binding energies formula (29) can be used.
Before we discuss some aspects of vacancy creation caused by radial and rotational couplings between bound states we briefly comment on a background contribution to inner -shell ionization. induced by nuclear Coulomb excitation in collisions of very heavy ions, internal conversion may take place. This process i s particularly important for deformed heavy nuclei like 2 3 8~, whereas its contribution for '08pb i s completely negligible. This i s caused by rather weakly populated high-lying excited states of the 2 0 8~b nucleus (3-a t 2.615 MeV and 2' at 4.086 MeV) and by a small conversion coefficient (a, < 10-3) for the corresponding transitions. In 238 U, on the other hand, several rotational bands with large conversion coefficients can be strongly excited.
Numerical calculations for inner-shell ionization via internal conversion have been performed for the Systems ' 3 6~e -2 3 8~ and 2 3 8~-2 3 8~. *' The i mpact-parameter dependence obtained for the number of created vacancies per collision P(b) differs considerably from that of direct ionization in the superheavy quasimolecule. Interna1 conversion leads to typically 0.2-0.3 K holes per central collision. Furthermore, we found for P ( b ) a strong exponential decrease for larger impact parameters with falloff constants of a E 4 fm. The total Cross sections of the nuclear process and direct ionization a r e comparable. Fortuiiately, by the Doppler shift of the characteristic X-ray lines, direct ionization ( T $ , -10-l9 sec) can be distinguished experimentally from internal conversion ionization (T&,, -10-I' sec), which takes place when the ions a r e stopped in the target.
On the other hand, the possibility of performing X-ray s p e c t r o s~o p y~~-~' of inner -shell electronic states in superheavy quasimolecules i s strongly restricted by nuclear Coulomb excitation. F o r 238 U -'~~U the nuclear photon spectrum exceeds the expected quasimolecular photon spectrum by at least two orders of magnitude. 42 Only in the s y stem '08pb + 2 0 8~b radiative transitions to the quasimolecular K shell can be investigated experimentally. However, we have to s t r e s s that this conclusion does not concern the other molecular o rbital transitions with only several keV energy. Here it has been already successfully demonstrated3' by the determination of peaks in the ani s o t r o p~ of the quasimolecular radiation that electronic transition energies can be measured experimentally up to systems with Z = Z, + Z, -184.
IX. TRANSITIONS BETWEEN BOUND STATES VIA RADIAL COUPLING
In this section we consider the vacancy production probability of innef.-shell electrons mediated by the radial coupling R( @ f ) 2/2R I to higher bound states, which a r e supposed to be vacant initially (L --W ) . In contrast to the direct excitation to the continuum, the following calculations include the assumption of an initial vacancy a s parameter. Since it i s not possible to solve the infinite s e t of coupled differential equations (9), we restrict our basis to the lso, 2sa, 3so, 4.~0, and 5so states. In order to save computer time it is also iiseful to transform Eq. (9) from t to the parameter 5 of the Rutherford trajectory:
where from Eq. (4):
The diagonal matrix elements ( @f 1 a / a t / $,) a r e purely imaginary and therefore vanish in the real representation of radial wave functions we have chosen.
The complex system of equations (51) has been solved40 numerically by Hamming's modified predictor-corrector method. 57 The number of channels was doubled by splitting them into real and imaginary parts. The sum of the amplitudes squared was normalized to unity:
The most important modification compared with direct ionization to the continuum is the influence of the Pauli principle. In principle one has now to evaluate amplitudes for configurations described by Slater-determinants, instead of one-electron states. The number of coupled channels N , i s
where N, denotes the number of one-electron basis states and Ne denotes the number of electrons present. If there i s only one electron o r one hole, then the configuration equations a r e identical with the corresponding equations of the one-particle basis, Also the solution of complicator configurations can be performed by the reduction to the oneparticle basis. " In general the results of coupled channel calculations for one electron show similar behavior a s those for the direct excitation to the continuum. Let us first consider the ionization probability a s a function of time during a collision of very heavy ions. On the incoming branch of the trajectory first contributions to l s o ionization a r e given around R -100 fm, followed by a slight increase of I a(t) / '. Just before the distance of closest approach i s reached, a relative maximum in the vacancy -production rate appears and at R = Rn", we find a sharp minimum. In the outgoing channel a steep increase occurs within a few fm change of distance. The maximum of / a",(t) 1 lies at R = 80 fm in the U-U system and a t R = 100 fm in the PbPb system. The probability amplitude further continues like a damped oscillation. After the molecular K shell i s broken up a t about R = 2000 fm and approaches the atomic levels, the oscillations very quickly reach their constant asymptotic value. 25v50
If we consider the probabilities 1 af(t) 1 of different complicator configurations arid not only of a single l s a electron, this situation may change drastically. This typical feature of the coupled channel equations has i t s origin in the possibility of stepwise excitation and interference between different intermediate excitation paths. In Fig.  21 we show the probability for l s a , 2so, and 3so ionization a s a function of the internuclear separa- tion R, where initially (t --W ) we start from a vacant 4so l e~e l .~' The calculations have been performed for a U-U head-on collision with E", = 1600 MeV. We here employed true two-center energies and a/aR matrix elements obtained under the assumption of pointlike nuclei. The asymptotic K-vacancy production probability amounts to seve r a l percent and is comparable with the direct ionization to the continuum. It i s a remarkable. incident that the 3sa vacancy probability after the collision is smaller than that of the 2so level.
In Pb-Pb and U-U systems during the collision. Again we find a s a main result several percent vacancy probability. The l s u ionization is slightly larger when a larger number of empty final states a r e available. We have to s t r e s s that these r esults a r e based on the model assumption of vacant 3so, 4so, and 5so states. In Fig. 23 the timedependent K-vacancy probability is displayed a s function of R for various impact Parameters b and ion energies E",. The 4so and 5sostates have been assumed initially vacant. We obtain a strong falloff with increasing b, and decreasing Elab for the U-U collisions. To obtain l s o ionization rates in the percent region, one has to choose E", r 1000 MeV and b <20 fm.
Up to now we have treated only one-collision processes. This seems to be justified, because a K vacancy in an U atom lives only T -10-l7 sec and a second central collision within this time has negligible probability. Therefore, in the calculations described before only vacant high-lying states were assumed, whose ionization rnay occur in a preceding collision o r at the beginning of the collision itself. Nevertheless, if we assume a double collision and choose a s initial configuration the distribution of vacancies in that way a s they originate from the first collision, the K-vacancy probability in a U-U head-on collision can be enhanced by more than 20'%;, and strong oscillations already appear in the incoming channel.
In a schematic model also the excitation to the positive continuum could be investigated i n the framework of coupled channels with conservation of unitarity. 40 Again we consider a U-U collision with E",= 1600 MeV. The emission of bound elect r o n s takes place into a n energy band centered around E = 1 . 4 m e with a width of I ? = 1 MeV. Und e r this assumption the r e s u l t s of l s a ionization obtained within time-dependent perturbation theory can be reproduced very well. On the f i r s t half of the trajectory we have a relatively strong increase of / a",(t) 1 reaching a maximum of 1.3% a t R = 30 fm. At the distance of closest approach a t R", = 15 f m we find 0.8% for the l s o vacancy probability. Then again the rebound occurs, leading to a n increase to 5.4% a t R = 4 0 f m . The ionization probability reaches a constant final value of 2% a t R -1000 fm.
The ion energy dependence of the K-vacancy production calculated in the framework of coupled channels can be taken f r o m Finally we show the impact-parameter dependence P",(b) for different initial configurations in Fig. 25 . In this calculation energies and matrix elements of the monopole approximation were e mployed. The influence of finite nuclear size w a s taken into account. The ionization probability shows the familiar behavior. Altogether, it should b e emphasized that slight modifications of m a t r i x elements and energies may lead to large changes i n P (b) .
X. 6 ELECTRONS
F o r heavy-ion collisions with 2 , « Z , the highenergy tail of the continuum electron spectrum is dominated by ionization of the K shell of the heavi e r atom. 68-70176 Compared with electronic s t a t e s i n the higher shells, usually the wave function of the 1s state shows a s h a r p localization which c o rresponds t o higher F o u r i e r frequencies in the f o r m factor. In this chapter we investigate the question of what information on inner -shell electronic s t a t e s in superheavy quasimolecules can be obtained by measuring the 6-electron spectrum.
In order t o gain a f i r s t insight we plot in Fig. 26 the radial density distribution / $r / = F , + G' f o r
We conclude that a measurement of the electron spectrum may allow for a spectroscopy of the L shell in superheavy quasimolecules. In order to deduce informations on the quasimolecular K shell one has to perform a coincidence measurement of 6 electrons with K X rays of the heavier collision partner in asymmetric Systems like Xe-Pb, where one can evade the 2 p u -l s o vacancy sharing process. In the framework of the monopole approximation the angular distribution of the finalstate electrons i s completely isotropic. The excitation process itself can be viewed a s a breathing mode of the electronic cloud on the incoming and outgoing half of the Coulomb trajectory, which favors no special direction. We believe that this i s a consequence of the approximation made, and that angular distributions would require a more sophisticated calculation.
How a spectroscopy with 6 electrons could be performed can be exemplified in an analytical model for l s o ionization in superheavy quasimolecules. 62 According to this model the differential probability for l s o excitation into a continuum state E i s given by ( 
53) with
Rmin and a a r e defined in Eqs. (7) and (5), respectively, and V, is the ion velocity at infinity. Overall parametrizations of d,(z), y ( Z ) , and the energy eigenvalue E", (2, R) have been published elsewhere. 60, 62 For the Xe-Pb (2 = 136) system the values for pointlike nuclei a r e
In Fig. 29 we have plotted the impact-parameter dependence (53) for l s u ionization in a Xe-Pb collision with Rmin= 16 fm. Several final-state energies E a r e shown. Obviously, the high-energy electrons (E 2 2 MeV) result from very close collisions (b 2 10 fm) only. However, the main feature of formula (53) i s the one-to-one correspondence between the energy eigenvalue EIr, a t Rmin and the measurable probability for excitation to a fixed continuum state. Therefore, experimental data on the 6-electron spectrum directly yield the l s o binding energy a t small separations. 
XI. INFLUENCE OF ROTATIONAL COUPLING ON 2 p , lz U VACANCY FORMATION
As an example for ionization due to rotational coupling we consider vacancy creation in the quasimolecular L shell of the Pb-Pb system. F o r l s u ionization rotational coupling effects a r e only of minor importance since the matrix elements ( l s u I~~1 2 s -U), ( l s a /~, / 3 s -U), ( l s o~~~) 3 d~) , etc., a r e negligible (see Figs. 6 and 8) for small separations (R < 500 fm) where most of the ionization takes place. On the other hand, radial matrix elements exhibit a strong peak at small distances between both ions. However, the strong rotational coupling in coherence with the radial coupling between the substates of the quasimolecular L shell leads to considerable vacancy production rates.
Greenberg et ~1 .~~ have observed Pb K, radiation induced by collisions of U on Pb, which i s a clear indication of 2p ,/,U ionization in the superheavy quasimolecule 2 = 174. The impact -parameter dependence P(b) of vacancy formation has been deduced by a kinematic analysis of Dopplerbroadened X-ray lines. P",(b) shows a pronounced peak at b = 20 fm, which cannot be explained by ionization via radial coupling alone. For the Pb-Pb system we performed a coupled channel calculation, where it was assumed that the 2p,,,n state initially (t --W ) i s vacant. The system of first-order differential equations (9) and (10) was solved numerically. In order to account for the Pauli principle one has to deal with configurations instead of single-electron states. The solid line represents the sum of direct excitation to the continuum and of the curve where a vacant 2p312a stak was assumed initially. i s found to be at b = 10 fm (90" scattering angle) in our theoretical calculation, whereas the experiment yields b = 20 fm. According to our computations a broad second maximum appears a t b = 200 fm, which gives a large contribution to the total ionization Cross section. The other dashed curves in Fig. 31 a r e obtained by assuming different initial vacancy configurations. Only the coupling between bound states was considered.
XII. CONCLUSIONS
For colliding systems with Z , + 2,s 137 a relativistic treatment of electronic states in quasimolecules i s necessary. The relativistic effects manifest themselves in a considerable increase of the electronic density distribution near the charge centers (which is equivalent to high-momentum components of the wave functions), a s well a s in the increase of binding energies and finestructure splittings. These a r e first indications for the diving behavior into the negative energy continuum of inner -shell electrons. We found that ionization probabilities a r e enhanced by about four orders of magnitude due to relativistic effects5* compared with nonrelativistic estimates. The number of created lso vacancies per collision P(b) amounts typically to several percent for central collisions and falls off exponentially with increasing impact parameter. For K-shell ionization in heavy ion collisions with Z , + 2, < 137 we refer to the review article of Meyerhof and Taulbjerg. 72 Our starting point for the theoretical description of the colliding system was the solution of the stationary two-center Dirac e q~a t i o n~~l~~ which provides binding energies of and coupling strengths between electronic states. An astonishing degree of simplification could be obtained by the application of the monopole approximation.
As a most important result we derived a way to experimentally determine electron binding energies in superheavy systems up to Z = Z , + Z , -190.
The method primarily employs the one-to-one correspondence between the impact-parameter dependence of ionization and the binding energy at the distance of closest approach on a given Coulomb trajectory. In particular, we found that the Z dependence of ionization is a clear indication of strongly increasing binding energies for Z , + Z , 2164. Meanwhile, l s u binding energies up to E ",= -600 keV have been deduced from experimental data.74p86
Within model assumptions also vacancy creation via radial coupling between bound states has been investigated. Besides the magnitude of the transition probability, no principal difference to direct excitation to the continuum was found neither in bombarding energy nor in impact -parameter dependence. The influence of the strong rotational couplings between the substates of the quasimolecular L shell has been examplified for the Pb-Pb system. P", ,"(b) was modified drastically compared to results where only direct ionization to the continuum i s considered.
Recent experimental data on ionization probabilities,36-39*75~82*84-83 F-electron d i s t r i b~t i o n s ,~~ and quasimolecular X rays3' indicate that the theoretical calculations correctly predicted the dependences on energy, impact parameter, and total nuclear charge. The experimental data a r e , however, typically a factor of 2 -3 larger in magnitude than our theoretical results. This remaining discrepancy must be clarified in future calculations, possibly by improvements beyond the monopole approximation.
Note added in proof. Meanwhile we found that multiple excitations of inner-shell electrons increase the ionization probabilities by typically a factor of 2-3 essentially without changing the dependence on impact parameter, etc. Fair agreement between theoretical and experimental results i s achieved by the inclusion of these multiple excitations between bound states and continuum states.
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